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Potassium recycling in the renal medulla: Effects of acute potassium
chloride administration to rats fed a potassium-free diet. According to
the hypothesis of potassium recycling in the renal medulla, a portion of
potassium in fluid in the medullary collecting duct is reabsorbed,
trapped in the medullary interstitium by countercurrent exchange, and
secreted in either the pars recta or descending limb of the juxtamedul-
lary nephron. To examine the effects of an acute change in potassium
balance on recycling, we performed a micropuncture study on the
exposed papilla of 8 rats fed a potassium-free diet for 3 days and then
infused with potassium chloride. A second group of 6 rats was studied
under identical conditions and infused with potassium chloride and
amiloride. In the first group, the fraction of filtered potassium remaining
at the end of the juxtamedullary descending limb increased with time to
values over 100% concomitantly with the rise in urinary excretion of
potassium. A strong association was found between those two variables
(P < 0.025). In the second group, in which the increase in urinary
fractional excretion of potassium was prevented by amiloride, the rise
in fraction of filtered potassium remaining at the end of the juxtamedul-
lary nephron was abolished. These findings are interpreted as providing
further support for the hypothesis of medullary recycling of potassium.
Recyclage du potassium dans Ia médullaire rénale: Effets de l'adminis-
tration algue de chlorure de potassium a des rats nourris avec une
alimentatlon sans potassium. L'hypothèse du recyclage du potassium
dans la médullaire rénale implique qu'une partie du potassium du canal
collecteur médullaire soit réabsorbée, emprisonnée dans l'interstitium
médullaire par l'échange a contre-courant et secrété soit dans la pars
recta, soit dans la branche descendante du néphron juxta-médullaire.
Afin d'étudier les effets d'une modification aiguë du bilan de potassium
sur le recyclage, une étude par microponction a été réalisée sur Ia
papille exposée chez 8 rats nourris avec une alimentation sans potassi-
um pendant trois jours et perfusés avec du chiorure de potassium. Un
deuxième groupe de 6 rats a été étudié dans des conditions identiques et
perfuse avec du chiorure de potassium et de l'amiloride. Dans le
premier groupe la fraction de potassium filtré dClivrée a Ia fin de Ia
branche descendante juxta-médullaire a augmente en fonction du temps
jusqu'à des valeurs supérieures a 100% en méme temps qu'augmentait
l'excrétion urinaire de potassium. Une association étroite entre ces
deux variables a été constatée (P < 0,025). Dans le deuxiCme groupe,
dans lequel l'augmentation de l'excrétion fractionnelle de potassium
dans l'urine était empCchée par l'amiloride, l'augmentation de La
fraction de potassium filtré délivrée ala fin du néphron juxta-medullaire
Ctait abolie. Ces constatations sont interprétées comme un nouvel
élément en faveur de l'hypothese du recyclage mCdullaire de potassium.
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We have previously proposed that a portion of potassium is
reabsorbed by the medullary collecting tubule, trapped in the
medullary interstitium by countercurrent exchange, and secret-
ed in either the pars recta or descending limb of the juxtamedul-
lary nephron, that is, that potassium normally undergoes med-
ullary recycling [11. Medullary recycling was increased by a
high potassium diet [1] and suppressed by 3 days of potassium
deprivation [2]. The foregoing experiments examined medullary
recycling under steady-state conditions. The purpose of the
present investigation was to change potassium balance acutely
and study potassium recycling as a function of time during the
transition from potassium deprivation to potassium repletion.
Methods
Fourteen young male and female Munich-Wistar rats each
weighing between 70 and 110 g, were used in this study. The
animals were fed a commercial potassium-deficient diet (ICN
Pharmaceuticals, Inc., Cleveland, Ohio; catalog no. 904665) for
3 days prior to the day of the study. On the day of the
experiment, the animals were anesthetized with mactin (100
mg/kg of body wt) (Henly and Company, New York, New
York) and prepared for micropuncture of the left renal papilla as
previously described [31. Urine from the right unexposed kid-
ney was collected through a bladder catheter. The animals
received a continuous infusion of 0.9% saline (0.93 ml/min)
containing inulin in sufficient quantity to maintain plasma levels
at 60 to 100 mg/dl. After a control collection of urine, tubule
fluid was collected for 2 to 6 mm near the end of the juxtamedul-
lary descending limb with pipettes having a tip diameter of 5 to 7
microns [3]. Then the infusion was changed, according to which
the animals were divided into two groups:
Group I. Eight rats received the infusion of inulin and saline
which, in addition, contained potassium chloride, infused at a
rate of 3.75 mEq min . kg body wr'. Thereafter, samples of
end-descending limb fluid and urine were obtained for the next
120 to 160 mm. Our goal was to try to collect paired descending
limb fluid and urinary samples at 20 mm intervals. For technical
reasons, it was impossible to locate and puncture a loop and
collect uninterruptedly sufficient tubule fluid for analyses pre-
cisely each 20 mm. But, three-fourths of the 1oop of Henle
samples were obtained at intervals of 20 5 (range) mm, or
multiples thereof, after the infusion of potassium chloride was
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Table 1. Arterial plasma electrolytes and right kidney function (initial values)a
Group I
(KCI control)(N=8)
Group lib
(KCI + amiloride)(N=6)
Arterial plasma
Sodium, mEqiliter'
Potassium, mEqlliter'
146 1.5
2.84 0.15
147 1.0
2.50 0.25
Right kidney function
GFR,pJmi,r'gkidneywr' 1174 167 1640 186
V, l min' g kidney wr' 7.0 1.2 7.2 0.8
(U/P) ,,,,,,, 176 18 250 48
FENa, % 0.70 0.15 0.58 0.13
FEK, % 2.50 0,47 2.02 0.48
UK, mEq' liter' 12.5 2.9 11.0 1.6
Data are the means SEM. Abbreviations are defined as follows: V, urine flow rate; GFR, glomerular filtration rate; (U/P), urine-to-plasma
ratio; UK, urine potassium concentration; FE, fractional excretion (in percentage of filtered load); and N, number of rats.
b None of the values differs significantly between the two groups.
Table 2. Arterial plasma electrolytes and right kidney function (slopes of regression lines)
Group I
(KCI control)(N=8)
Group II
(KCI ÷ amiloride)(N=6) P
Arterial plasma
Sodium, mEq liter' mitr'
Potassium, mEq . liter' mirr'
Right kidney function
GFR, (i.l min' g kidney wr') mi,r'
\T, (ii.l mi,r' g kidney wr') min'
(U/P) inulin, min'
FENa, % mi,r'
FEK, % mi,r'
UK, mEq liter' min'
0.044 0.009
0.018 0.001
0.83 1.66
0.08 0.01
—0.76 0.12
0.013 0.002
0.220 0.04
0.97 0.15
0.012 0.028
0.029 0.011
—2.36 2.12
0.14 0.03
—1.69 0.23
0.030 0.004
—0.013 0.005
—0.08 0.001
<0.02
NS
NS
NS
<0.005
<0.005
<0.001
<0.001
* Data are means standard errors. Abbreviations are defined in Table 1. N denotes number of rats.
begun. Three ioop samples were obtained from 1 rat, five in 5
rats, and six in 2 rats. The urine collection was timed so that its
midpoint coincided closely with the paired loop micropuncture.
Group II. Six rats received the same infusion as group I did,
which also contained amiloride (50 sg min' kg body wt
preceded by an i.v. priming dose of 1 mg kg body wt.
Thereafter samples of end-descending limb fluid and urine were
obtained for the next 120 mm at 20 5 mm intervals, or
multiples thereof, in more than half the samples. Three samples
were obtained from 1 rat, four from 2 rats, and five from 3 rats.
The plasma concentration of sodium and potassium was
determined by flame photometry. The osmolality and concen-
trations of chemical inulin in tubule fluid, plasma, and urine
from the right kidney were determined by methods previously
described [3—5]. The concentration of sodium and potassium in
tubule fluid was determined by the MAC-5 electron probe at
Stanford's Center for Materials Research, according to meth-
ods described previously [6, 7].
Data obtained initially in each animal before the potassium
chloride or potassium chloride plus amiloride infusions were
begun were expressed as the means SEM. Data obtained after
potassium chloride or potassium chloride plus amiloride solu-
tions were plotted as a function of time for each animal.
Because the change with time was approximately linear, a
linear regression line was calculated for each variable in each
animal [8]. Statistical significance was evaluated with Student's
t test for unpaired determinations.
Results
Plasma and urine. Control values and changes with time in
arterial plasma electrolytes and right kidney function are pre-
sented in Tables 1 and 2 and Figs. 1 and 2. There were no
significant differences between the groups among any of the
control determinations (Table 1). Subsequently, plasma potassi-
um concentration rose more in group II (potassium chloride
plus amilonde administration) than it did in group I (potassium
chloride administration alone), but the slopes of the increase
were not significantly different. The urinary excretion of potas-
sium after the potassium chloride infusion began is illustrated
for the group as a whole in Fig. I and for individual rats in Fig.
2. There was a delay of 40 mm before the excretion of
potassium clearly began to increase. The delay accounts for the
negative values for the intercepts of some of the regression lines
on the ordinate in Fig. 2. Amiloride had a modest natnuretic
effect but prevented the increase in potassium excretion ob-
served after potassium chloride administration alone in group I
(Fig. 1).
End-descending limb fluid. Control values and changes with
time in the composition of fluid at the end of the descending
limb are summarized in Tables 3 and 4, and illustrated for the
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Fig. 1. Comparison of fractional delivery of potassium to the end-
descending limb of the juxtamedullary nephron with fractional extrac-
tion of potassium after potassium chloride administration. The fraction
of filtered potassium delivered to the end-descending limb (in percent) is
depicted in clear bars (ordinate on the left) in the control period and
after the potassium chloride infusion began. Fractional potassium
excretion (in percent) is indicated in criss-cross bars (ordinate on the
right) in the control period and after potassium chloride infusion began.
The ordinate for the loop value is adjusted downward so that the control
values for loop and urine are set at the same level. The vertical lines
indicate the means 1 SEM. (The absence of a vertical line indicates N
= 2). For further description please see the text.
group as a whole in Fig. 1 and for individual rats in Fig. 3. The
control tubular fluid-to-plasma ratio for potassium and the
fractional sodium and potassium delivery did not significantly
differ between the two groups. After potassium chloride infu-
sion, there was a stepup in fractional potassium delivery to the
end-descending limb, which is more apparent than real because
of the scatter in the data (Fig. 1). By 40 mm, the increase was
evident despite the variability. The fraction of potassium deliv-
ered to the end-descending limb rose to values well in excess of
100% (Figs. 1 and 3)—unequivocal evidence for net transepithe-
hal addition (secretion) of potassium into the juxtamedullary
nephron at some point proximal to the hairpin turn, presumably
either the pars recta or the descending limb [9]. In sharp
contrast, the fraction of potassium delivered to the end-de-
scending limb failed to increase in group II after infusion of
potassium chloride plus amiloride (Fig. 3).
Comparison of increase in fraction of filtered potassium
delivered to end-descending limb with increase in fractional
potassium excretion. Figure 1 compares the increase in the ioop
and urine fractional potassium flow in the animals as a whole.
The ordinates are adjusted to make the control values at the
same level to facilitate comparison. The rise in urinary excre-
tion of potassium lags slightly behind the increase in fractional
potassium delivery, but owing to the scatter in loop values, the
lag is more apparent than real. This point is emphasized in Fig.
4, in which potassium delivery to the end-descending limb is
plotted as a function of urinary potassium excretion (in percent)
Fig. 2. Urinary potassium excretion (expressed as a fraction of the
filtered load of potassium) as a function of the time after the adminis-
tration of potassium chloride (group I, continuous line) or after
potassium chloride plus amiloride (group II, dashed line). Each thin line
represents one animal. The thick line depicts the mean regression line
for group I. (Mean regression line not shown for group II.) The
equations for the mean regression lines are as follows (value in
parenthesis = 5EM): for potassium chloride, y = —0.22 (± 0.18) + 0.22
(± 0.04)x; for potassium chloride + amiloride, y = l.44(± 0.29) —
0.013(± 0.005)x.
for each animal. The heavy line indicates the average slope.
There was a strong association between the fraction of potassi-
um delivered to the end of the descending limb and urinary
fractional potassium excretion in group I animals (P < 0.025), in
agreement with prior observations [1, 2].
Discussion
We have previously proposed that potassium is normally
recycled from collecting duct to juxtamedullary nephron in the
renal medulla El]. Potassium recycling was found to be in-
creased by chronic potassium loading [1] and abolished by
feeding animals a potassium-free diet for 3 days [2]. The
foregoing experiments were performed in a steady state. The
purpose of the present experiments was to study urinary
excretion of potassium and potassium delivery to the end-
descending limb during the transition from a low potassium to a
potassium-repleted state. If the fractional delivery of potassium
to the end-descending limb failed to increase while the urinary
potassium excretion returned to normal levels, this would
suggest that the relationship between potassium reabsorption
by the collecting duct and potassium secretion by the juxtamed-
ullary nephron is indirect. Conversely, if urinary potassium
excretion failed to rise while fractional delivery of potassium to
the end-descending limb returned to normal levels, this would
suggest that the collecting tubule fluid is not the immediate
source of potassium. A rise in fractional potassium excretion
and fractional potassium descending to the end-descending limb
at approximately the same time, however, would imply a
coupling between the two processes.
Technical difficulties (see Methods) prevented the collection
of paired loop and urine samples at corresponding intervals in
each animal. For this reason the data were analyzed for each
animal and found to vary approximately linearly with time.
Therefore, linear regression lines were plotted as shown in Figs.
2 and 3. The scatter in the data does not warrant the fitting of
0-20 41-60
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Potassium recycling 351
Table 3. Composition of fluid from end of descending limb (initial values)a
Group I Group II
(KCI control) (KCI + amiloride)(N=8) (N=6) P
(TF/P) inulin 7.71 0.88 5.77 0.53
(TF/P) potassium 3.76 0.25 3.75 0.45
NS
NS
Fraction offiltered load remaining at end of descending limb
Sodium, % 33 4 26 3
Potassium, % 55 5 65 4
NS
NS
a Data are means SEM. TF/P denotes tubule fluid-to-systemic plasma. N denotes number of rats.
Table 4. Composition of fluid from end of descending limb (slopes of regression lines)a
Group I Group II
(KC1 control) (KCI amiloride)(N=8) (N=6) P
(TF/P) inulin, min —0.020 0.009 —0.002 0.006
(TF/P) potassium, min 0.018 0.004 —0.015 0.002
NS
<0.001
Fraction offiltered load remaining at end of descending limb
Sodium, % min 0.11 0.06 0.04 0.03
Potassium, % min 0.83 0.11 —0.20 0.06
NS
<0.001
a Data are means SEM. N denotes number of rats.
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FIg. 3. Fractional potassium delivery to the end-descending limb,
(TF/PK)(TF/Pf5,,,,,) x 100, as a function of time after the administration
of potassium chloride group I, continuous line) or potassium chloride
plus amiloride (group II, dashed lines). Each thin line represents one
animal. The thick lines depict the mean regression line for each group.
The equation for the mean regression lines are as follows (value in
parenthesis = SEM: for potassium chloride, y = 50.7 (± 7.54) + 0.73 (±
0.ll)x; for potassium chloride + amiloride, y = 54.9 (± 5.80) 0.20
(±0.06)x.
Urinary potassium excretion, %
FIg. 4. Fractional potassium delivery to the end-descending limb
(TF/PK)(TF/P,fl,,fl) X 100, as a function of urinary potassium excretion
(in %) in group I. Each thin line represents one animal. The thick line
depicts the mean regression line. The equation for the mean regression
line (the value in parenthesis = sEM) is y = 60.1 (± 4.72) + 4.27 (±
I.39)x.
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more complicated regression lines. As depicted in Fig. 2, there
was a rise in fractional potassium excretion in each animal,
although the rate of rise is variable. The lower dashed lines
illustrate the failure of fractional potassium excretion to in-
crease when amiloride was administered along with potassium
chloride.
Figure 3 illustrates the rise in fractional potassium delivery to
the end-descending limb after potassium chloride infusion.
There was remarkable uniformity in the rise. A strikingly
different response was observed if amiloride was given with
potassium chloride (Fig. 3).
The relationship between fractional potassium delivery and
fractional potassium excretion is shown in Fig. 4. In one rat
there was much less rise in fractional potassium delivery than in
fractional potassium excretion. The other 7 animals manifested
a close relationship between fractional delivery of potassium
and fractional potassium excretion, and the slope of the mean
regression line labeled I in Fig. 4 is approximately the same
value as that previously found in normal and potassium-loaded
rats [1]. This suggests that fractional potassium delivery is
closely coupled in time to fractional potassium excretion. In our
view, this provides further support for the hypothesis of medul-
lary potassium recycling. Note that fractional delivery of potas-
sium to the end-descending limb increased to values well over
100%, unequivocal evidence for potassium secretion some-
where upstream to the hairpin turn of the juxtamedullary
nephron.
To confirm that the source of added potassium was urine in
the collecting duct, we performed the studies in group II
animals. We assumed that amiloride blocks potassium secretion
in the distal and cortical collecting tubule downstream from the
descending limb [1], thus reducing potassium flow in the
medullary collecting tubule. If collecting duct fluid were nor-
mally the source of the potassium, amiloride should reduce
secretion in the pars recta or descending limb of the juxtamedul-
lary nephron and thereby prevent the rise in fractional potassi-
um flow to the end of the descending limb [1]. On the other
hand, failure of amiloride to prevent the rise in potassium flow
would be inconsistent with medullary recycling of potassium
and suggest another source of potassium—perhaps vasa recta
blood or medullary interstitium, whose potassium content in
turn must have been replenished in some other way than from
the collecting duct. As shown in Table 1, amiloride profoundly
inhibited urinary potassium excretion. With these findings in
mind, the results in Table 2 and Figs. 2 to 4 strongly suggest
collecting duct fluid as the source of added potassium.
Summary. Rats fed a potassium-free diet were studied during
the transition to a potassium-repleted state following acute
potassium chloride administration. There was a substantial
increase in urinary potassium excretion and in potassium deliv-
ery to the end of the descending limb, the latter reaching values
well in excess of 100%. Transepithelial potassium addition to
the pars recta or descending limb of the juxtamedullary nephron
was a function of urinary potassium excretion and was abol-
ished by amiloride. We interpret these findings as further
evidence for the hypothesis of potassium recycling in the renal
medulla.
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